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1 

1. Introduction

Finding suitable nanoscale materials is a precondition for the development of smaller devices 
in daily life as well as in research. As a great news for our planet, customers are more and more 
aware of environmental issues that can be affected by selecting sustainable products. In most 
cases, this means recyclable materials and manufacturing with lower environmental load. This 
usually guides the interest towards the study of the most efficient functional materials (maxi-
mum performance regarding the desired property or function versus the device size), or to-
wards the development of the materials and processes to meet the terms of sustainability. 

Iron is the most abundant metal on the Earth, cheap to process from its ores and relatively 
harmless to the environment and health.1 The atomic layer deposition (ALD) thin-film  tech-
nique enables the fabrication of nano-dimensional materials that can exhibit completely new 
features not realized in conventional bulk materials.2 Furthermore, ALD does not require any 
additional chemicals, such as solvents or catalysts and thus the amount of the waste produced 
in the process remains small. Creating new iron-based materials for ALD is therefore a step 
towards utilizing this affordable and non-toxic element in the future applications. 

Iron oxides form an exciting material group also in the sense that they may exhibit a variety 
of highly desirable properties depending on their fabrication techniques. In particular, variable 
properties are often due to nanoscale defects and surface/interphase phenomena. Among the 
most interesting characteristics of iron oxides are their magnetic and optical properties. In na-
noscale the properties may change due to e.g. quantum confinement effect, and even the rare 
ε-Fe2O3 phase can be stabilized. The ε-Fe2O3 phase is especially interesting due to its enormous 
coercive field and the coexistence of ferromagnetic and ferroelectric behaviors.3 Furthermore, 
so-called coordination transition metal networks where the iron cations are linked together by 
carboxylates or other simple bridges (e.g. O2-, HO-, H3CO- or halogens), have shown magnetic 
superexchange effect and could be considered as molecular magnets.4 

The variant of the original ALD technique for organic thin films, i.e. molecular layer depo-
sition (MLD), cannot be highlighted enough in the deposition of organic molecules in a highly 
controlled way, similarly to the self-limiting inorganic thin film growth in ALD. Most excit-
ingly, the combination of the two deposition schemes, ALD and MLD, enables the deposition 
of completely new types of hybrid inorganic-organic materials that have not been possible to 
fabricate due to the interactions with solvent molecules in wet-chemical processes. In addition 
to the inorganic-organic hybrid materials, the combined ALD/MLD technique can be used to 
deposit metal oxide based superlattice (SL) structures in which precisely thickness-controlled 
metal oxide layers are separated with thin organic molecular layers. Such SL structures have 
offered an opportunity to modify e.g. the phonon and electron transport properties of the ma-
terials,5–11 and thus they are an interesting type of material platform for the iron oxides as well. 
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The goal of this work was to create new iron-based materials using the ALD and MLD tech-
niques. The precursors were selected in order to deposit iron oxide thin films with water as an 
oxygen source and iron-organic hybrid thin films by using the same iron precursor. This way, 
the well-controlled deposition of SL thin films could be possible.  

In this thesis, Chapter 2 introduces the binary iron oxides and the most commonly studied 
metal-organic hybrid materials. In Chapter 3 the ALD and MLD techniques are described and 
explained with the examples from the deposition processes of the iron oxide and hybrid thin 
films. Chapter 4 presents the deposition conditions and the characterization methods used in 
this work. Chapter 5 is dedicated to the experimental results: deposition of the two pure iron 
oxides, magnetite and ε-Fe2O3, and the magnetic properties of the latter phase in 5.1; deposi-
tion of iron-organic hybrid films with the focus on the study of the crystalline coordinated iron-
organic network in 5.2; deposition of magnetite-benzene and ε-Fe2O3-benzene SL thin films 
and the optical properties of the latter system in 5.3.  
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2. Iron oxide based materials

Iron ore is rich in iron oxides and oxyhydroxides that have a long history as pigments used 
already in ancient cave and rock paintings. These days, besides as the colorants, iron oxides 
are consumed in large scale as the precursors for the steel industry and magnetic recording 
devices, and also used as catalysts in many different industrially important syntheses. In the 
discussion of nanoscale iron oxide materials, the focus turns to their magnetic and optical 
properties required for instance in medical applications, magnetic pigments in recording and 
information-storage media and magneto-optical devices. The properties of the nanoscale ma-
terials are in a key role when the demand of the future applications should be answered.1,12,13 

There are seven binary iron oxides that occur in atmospheric pressure: hematite (α-Fe2O3), 
maghemite (γ-Fe2O3), ε-Fe2O3I,IV, β-Fe2O3, magnetite (Fe3O4)II, wüstite (FeO) and amorphous 
Fe2O3. Among these, α-Fe2O3, γ-Fe2O3, Fe3O4 and FeO are abundant in nature, but ε-Fe2O3 and 
β-Fe2O3 are stable only in nanoscale and thus extremely rare. Under high pressure, α-Fe2O3 
has been reported forming various structures from which ζ-Fe2O3 is the only phase that has 
been found to retain its crystal structure after the pressure is lowered.14 Iron is trivalent in all 
Fe2O3 polymorphs. In magnetiteII both trivalent and divalent iron species are mixed and in 
wüstite iron is solely in a divalent oxidation state. The band gap of the common iron oxides is 
between 1.9 and 2.2 eV, the magnetite being an exception having an extremely narrow band 
gap of 0.1 eV. All the iron oxides are semiconductors although magnetite has nearly metallic 
properties. In fact, the magnetite has the smallest resistivity of any semiconducting oxide and 
conductivity of 10-2-10-3 Ω-1.1 Another iron oxide with extreme properties is ε-Fe2O3I,IV which 
has enormous coercive field (~2o kOe). In addition, it shows multiferroic properties which is 
extraordinary for a single-metal single-valence oxide. Amorphous iron oxide is known for its 
catalytic activity, superparamagnetic behavior and large specific surface area in nanoparticle 
form. The various desirable properties along with the low cost, abundance in the crust of Earth, 
and non-toxicity make iron oxides interesting materials in fundamental research and from in-
dustrial points of view. Possible applications for iron oxides are in solar energy technology, 
electronics, electrochemistry, magnetic storage media, sorption and purification processes and 
catalysis.1,13,15 

2.1 Nano-dimensional iron oxides

In general, 100 nm is a typical limit where the properties (e.g. optical, magnetic and physical 
properties) of materials change. This results from the different properties of the atoms on the 
surface and the atoms in the bulk. In smaller particles, the surface-to-volume ratio gets larger, 
rendering nanoscale-related properties become dominant.4 Iron oxides especially in nanoscale 
exhibit numerous promising features, some of the most important being redox reactivity, var-
ious optical characteristics and the magnetic activity. The redox reactivity is seen as a change 
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in resistivity when reacting with gases (e.g. oxygen, ethanol and formaldehyde).16 In smaller 
dimensions, the surface sensitivity is increased and thus responsiveness in the detection of 
gases is enhanced. The promising optical characteristics of iron oxides (especially studied for 
hematite) include the ~2 eV band gap which provides the light absorption of ~30 % in the 
visible range. This has motivated researchers to study iron oxide nanomaterials to be used in 
solar energy conversion in solar cells, in hydrogen production from water and in oxygen evo-
lution from SO42- ions. Nano-dimensional materials show the quantum confinement effect that 
leads to drastic changes in e.g. optical and magnetic properties.IV A wider band gap could be 
beneficial for example in hydrogen production via water photolysis since it would provide 
greater driving force for both of the water splitting half reactions.17 The magnetic properties, 
such as high coercivity and superparamagnetism, have been studied for even more efficient 
data storage systems.I In addition to the size, the properties of nano-dimensional iron oxide 
materials are dependent on the morphology. In terms of the sample geometry, nano-dimen-
sional iron oxides have been produced as thin films, wires, clusters, tubes, cubes, spindles, 
rods, nanocrystals, flakes and more complex 3D structures.18,19  

Besides the new properties a material may gain in nano-dimensions, it is also possible to 
obtain completely new phases that are stabilized only in nano-dimensions. In particular, the 
ε-Fe2O3 occurs only in nanoscale materials due to its low surface energy. The ε-Fe2O3 phase was 
first reported by Forester and Guillot-Guillain20 and named in 1963 by Schrader and Buttner21. 
It has the highest coercive field among all known metal oxides (~20 kOe).22 It is about three 
times higher than those of magnetoblumbite BaFe12O19 (0.64 T) and Co-ferrites (0.74 T) that 
are common materials in magnetic recording applications.23 The Curie temperature (Tc) has 
been found at 510 K and below 110 K it becomes incommensurate.3 In addition, it is especially 
interesting due to the multiferroic properties at room temperature.24 It exists in both ordered 
and disordered forms depending on the purity of the sample. It has been noted to be the inter-
mediate phase between the maghemite and hematite by increasing the temperature.25 The or-
dered form is associated with the impurity of a secondary phase, typically hematite or ma-
ghemite.1 Showing simultaneous electric and magnetic orderings in a single phase could be 
applicable in future technologies such as fast data writing, power-saving in memory devices, 
and non-destructive data storage. With its ferromagnetic resonance in millimeter wave region, 
it could be potentially used in electric/magnetic field tunable devices and in applications where 
suppression in electromagnetic interference and stabilization of electromagnetic transmit-
tance are required.16,23 

2.2 Iron-organic hybrid materials

Hybrid is a common name for materials that contain at least two different moieties mixed on 
the molecular scale. In this work it is used for materials constructed from inorganic and organic 
parts.II, III The inorganic-organic hybrid materials are divided into two groups: (i) hybrid ma-
terials with weak interactions (van der Vaals, hydrogen bonding) between the two components, 
and (ii) hybrid materials with stronger chemical interactions. In general, the strength of the 
chemical bond increases in the order: van der Vaals < H-bond < coordinative < ionic < cova-
lent. However, this also depends on the material species and thus the classification is not al-
ways straightforward.26  

In the case of iron-based hybrid materials there are more or less nebulous sub-concepts: 
nanocomposites,27,28 coordination polymers,29 and several types of inorganic-organic hybrid 
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thin films.30 Typically, the properties achieved by mixing inorganic and organic components 
are either a combination of those of the two component materials or completely new. The prop-
erties are not only a direct consequence from mixing the two components with different prop-
erties but also due to other effects such as quantum confinement caused by the low dimension-
ality. For example, in nano-composite materials (type (i)) the organic matrix can act as a sup-
port material separating the ferromagnetic nanoparticles resulting in a transparent superpar-
amagnetic material.31 Thus, the composite material is a combination of the functional proper-
ties (e.g. electronic conductivity and magnetic activity) of the nanoparticles and flexibility or 
optical properties of the support material but with small enough particles it can exceed into 
new magnetic properties not seen for the active phase before. Iron-organic composite materi-
als have been studied for cathodes for lithium secondary batteries,32 catalysis27 and for super-
paramagnetic properties.27,33  

The hybrid materials studied in this work II,III are of type (ii) and could be classified as co-
ordination polymers (CPs).34 In CPs, the metal atoms are considered as nodes and the organic 
ones as linkers that construct the one-, two- or three-dimensional systems. One of the most 
interesting sub-group of these materials is the crystalline metal-organic framework (MOF) ma-
terials,26,35 known of their highly porous structures. Hence, their applicability in selective trap-
ping and releasing of small and large (e.g. H2 or C60) molecules has been studied.36 The main 
requirements for the conventional bulk MOFs are: strong bonding (robustness of the struc-
ture), linking units that can be modified by organic synthesis and geometrically well-defined 
structure (high crystallinity).36 In addition to the beneficial porous geometry of the MOFs they 
may show interesting properties due to the strong bonding between the inorganic and organic 
moieties. These are magnetic exchange37 and acentricity for non-linear optical applications. In 
the so-called MIL-type (Materials Institute Lavoisier) MOFs the cation is trivalent including 
iron(III) and the framework is open. MIL-type materials have zeolite related topology but dif-
ferent surface chemistry, density and pore sizes. In open framework systems, the chiral centers 
and active sites are also interesting because they enable creating new functional materials.36 
The iron-based MOFs are yet rare but interesting due to their potential use in Li-ion batteries, 
drug delivery and catalytic and magnetic applications.38–42 If deposited as thin films on an ac-
tive substrate even more fascinating application possibilities could be achieved.29,35,43–45 

The atomic and molecular layer deposition (ALD and MLD) techniques studied in this work 
could enable extremely well controlled fabrication of crystalline CP or MOF type thin films. 
Alternating surface saturative reactions between the metal and organic precursors provide a 
possibility to deposit even few nanometer thick films on complicated geometries. The gas-sur-
face reactions do not require additional chemicals such as a solvent or a catalyst and thus the 
outcome can be very different from the conventional solvent-based CP/MOF synthesis. The 
study of these novel crystalline thin films is at the very beginning. The determination of the 
structure (bonding and porosity) and the properties of the thin films are challenging due to the 
low sample volume. Nevertheless, the ALD/MLD technique enables the fabrication of ultra-
thin crystalline inorganic-oragnic films that may open intriguing possibilities in the develop-
ment of future applications. 
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3. Atomic and molecular layer deposition

Atomic layer deposition (ALD) is already a well-established technique for the fabrication of 
high-quality inorganic thin films, while its counterpart for the organic thin films, i.e. molecular 
layer deposition (MLD) is a relatively young technique. The precise control of the film thick-
ness and possibility to deposit on complex geometries are the main reasons for the growing 
interest not only in ALD but also MLD both in fundamental research and in industry. In the 
present work, the two techniques, ALD and MLD, have been combined to fabricate hybrid in-
organic-organic thin films. Some features of ALD and MLD discussed in this chapter are com-
pared with chemical vapor deposition (CVD) technique due to its superior industrial applica-
bility among the gas phase processes. In this chapter, the ALD and ALD/MLD techniques are 
shortly described and the most important variables in depositing iron oxide-based materials 
by thermal ALD and ALD/MLD are discussed. 

3.1 ALD/MLD technique

The ALD technique was independently discovered in Finland and the Soviet Union around 
the 1970s.46 The first patent was filed by Tuomo Suntola in 1974, and the new technique was 
called on that time atomic layer epitaxy (ALE) at that time. Electroluminescence display was 
the first application of ALD; such displays were taken into practical use for instance at Helsinki 
Airport in 1983. Ever since, the development of ALD processes has been in the key role of to-
day’s small-scale electronics e.g. in mobile phones. The ALD technique can be considered as a 
better controlled variant of the CVD technique, both being gas-phase deposition techniques 
based on heat-induced evaporation of solid or liquid precursors. The main difference between 
these two techniques is the higher deposition temperature in CVD, which is required for pre-
cursor decomposition on the substrate surface. This makes the film growth in CVD continuous 
as long as the precursor(s) are supplied. 47  

There are two variations for ALD: the conventional thermal ALD and plasma enhanced ALD. 
In plasma enhanced ALD, the highly reactive plasma species on the deposition surface enable 
more variation in the process conditions (e.g. lower deposition temperature) and the use of 
precursors that cannot be utilized in thermal ALD. Thermal ALD, on the other hand, has been 
addressed to enable conformal film deposition on complicated geometries.48 It is also more 
suitable for this study since plasma conditions would be too harsh for the depositions of or-
ganic layers and thus the focus in this study is from here on in thermal ALD. 

In ALD (Figure 1) the precursor is sublimed as such and the reaction happens only between 
the reactive sites (e.g. OH-groups) on the substrate surface and the precursor molecule. This 
renders the process self-limiting via saturation of the available surface sites. The MLD49, a var-
iant of the ALD technique, was first reported in the 1990s in Fujitsu laboratories in Japan.50 In 
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ALD, the reaction between the surface and the precursor molecule leaves only one atom of the 
precursor in the final material (Figure 1) whereas in MLD the organic molecule will be the 
wanted construction block. These two processes were combined to ALD/MLD51,52 resulting in 
an end product with alternating atomic and molecular layers as seen in Figure 1. This is the 
most intriguing part of the ALD/MLD technique because it enables extremely well-controlled 
growth of inorganic-organic hybrid structuresII,III or other pre-defined structures where the 
thicknesses of each layer can be designed independentlyIV.2,49,53,54 

 

  
 
Figure 1. Schematic illustrations of the ALD (left) and ALD/MLD (right) cycles. 

 
Reaction temperature or more commonly called deposition temperature is a temperature 
range where the adsorption and desorption rates of the molecules on the surface enable ALD-
type reactions. In general, the reaction temperature should be high enough to overcome the 
activation energy to form chemical bonds between the surface and the precursor and prevent 
the multilayer condensation of the precursor. The temperature profile due to increase in tem-
perature is process specific. An increase in the temperature may cause changes e.g. in the num-
ber of active surface sites and in reaction mechanisms, and energy barriers of new reactions 
may be reached. Thus, the increase in the temperature may either decrease or increase the film 
growth rate, or the so-called growth-per-cycle (GPC) value. The GPC may even remain un-
changed if the steric hindrance of a bulky precursor molecule causes the saturation instead of 
the number of reactive sites.55 The pulse/purge times for each precursor are determined to be 
as long as the surface requires for saturation. This is seen as a plateau where the GPC is plotted 
against the precursor pulse length. The N2 purge rate should be long enough to remove excess 
precursor molecules and the small molecules released in the reaction from the reaction cham-
ber. Pulsing times are often dependent on the vapor pressure of the precursor. Selecting pre-
cursors has an effect on: 

1. Length of the deposition i.e. saturation time 
2. Phase structure 
3. Deposition temperature (substrate) 
4. Controllability (reaction mechanism) 
5. Environmental friendliness / toxicity (by-products) 

These points will be discussed in more detail with appropriate examples in Chapter 3.2. 
In principle ALD and its variants seem superior over other thin-film deposition techniques. 

However, time required for pulsing and purging renders it slow and thus there are techniques, 
such as CVD, with higher throughput for deposition on flat large surfaces. Nevertheless, ALD 
has several unique advantages, such as:  precise layer thickness control and the possibility to 
deposit conformal coatings on high aspect ratio and other complicated surfaces, such as porous 
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substrates. In addition, lower deposition temperatures make ALD applicable to more sensitive 
substrate materials. Furthermore, ALD/MLD shows intriguing possibilities in the fabrication 
of metal oxide-based superlattice (SL) structures (Figure 2).IV In this case, the benefits from 
precise control of layer thickness and frequency of the different layers are highlighted. Besides 
the modification of the metal oxides, SLs enable the stacking of ultra-thin metal oxide matrixes 
into a thicker ensemble. This could present a great opportunity to characterize nano-dimen-
sional metal oxides with various methods (e.g. XRD) that are otherwise applicable only to 
higher volumes due to limited resolution.  

 

 
Figure 2. Schematic illustration of a superlattice structure where layers of a metal oxide of certain thickness are 

separated with organic molecular layers. 

3.2 ALD and ALD/MLD of iron oxide based materials 

The most prominent binary iron oxide thin films deposited by thermal ALD technique are 
listed in Table 1. It can be seen that hematite is the most common phase obtained with various 
precursor combinations without post-depositional heat treatments.18,56–71 Deposition tempera-
ture varies between 130 and 500 ˚C due the selected precursor combination. Low-temperature 
processes are naturally favoured when the substrate is temperature sensitive. The higher dep-
osition temperature becomes beneficial when the substrate is porous and thus faster diffusion 
of the gaseous precursors enables higher aspect ratios.64 There are only two in-situ processes 
for magnetite72,II, one for wüstite73 and one for ε-Fe2O3, from which two are presented for the 
first time in this work.I, II 

The table 1 could give an impression that different iron precursors result in different iron 
oxide phases. This is partly true, since the different precursors have specific temperature 
ranges they can be employed as ALD precursors. Nevertheless, the true reason for phase for-
mation in most cases is the temperature as it is for the oxides deposited with any other tech-
nique.74 In the case of iron oxide the temperature dependence is seen especially for γ-Fe2O3< 
ε-Fe2O3 < α-Fe2O3.75 The phase formation is also affected by impurities that are in most cases 
precursor specific.74  

In ALD, the option for the oxygen source is typically limited by the possible reactions at low 
temperatures (without decomposition). In CVD, different iron oxide phases can be obtained 
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by choosing different oxygen source. For example, an addition of H2O to a CVD process re-
sulted in ε-Fe2O3 instead of β-Fe2O3 obtained when only O2 was used.76 

In addition to the ALD/MLD iron-organic hybrid processes described in this workII,III there 
are three Fe-organic hybrid thin film related publications58,77,78. The first process was devel-
oped by Smirnow et al.77,78 focusing on the magnetic properties of the thin films deposited with 
FeCl3 and the aliphatic propargyl alcohol (HCuC–CH2–OH). However, the deposition process 
was not described in detail. Bratvold et al.58 studied the possibilities of iron precursor 
Fe(II)(hfa)2TMEDA (hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate, TMEDA = N,N,N´,N´-
tetramethylethylenediamine) to be deposited with oxalic acid. Iron-oxalate hybrid films were 
found amorphous and the iron remained at divalent oxidation state. Some diffractions in the 
GIXRD patterns were explained to be due to some layered structure since they appeared only 
at low angles. Similar features have been observed also in Al-organic hybrid thin films.79 

The ALD/MLD technique enables the deposition of iron oxide-organic superlattice structures 
in an extremely well-controlled way, which allows the modification of the properties of na-
noscale iron oxide thin filmsIV. This is especially interesting when investigating the magnetic 
properties of iron oxides. In the ALD/MLD superlattices, the oxide layers can be as thin as 1 
nm or even less. The lower limit of the thickness depends on the chosen precursors that deter-
mine the number of the cycles reguired for the formation of a monolayer (the full coverage of 
the surface). Nevertheless, no ALD/MLD iron-based superlattices had been published prior to 
this work. This may be due to the lack of known Fe-hybrid processes that use iron precursors 
compatible with water as the oxygen source. Despite the fact that the more precursors are in-
volved in ALD-type film growth the more complicated the growth characteristics become, it 
could be worth trying to deposit iron oxide-based superlattices with the combination of two 
different iron precursors, that is, Feprec.A + H2O and Feprec.B+Organic.  
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Table 1. Thermal ALD iron oxides.

Oxide 
 

(post  
annealed) 

Iron 
precursor 

(T sublim. ˚C) 

Oxygen 
source 

TDep. 
(˚C) 

GPC 
(Å/cycle) 

Substrate Ref. 

α-Fe2O3 

Fe(III)Cl3 
(158-175 ˚C) 

H2O 
300-
500 

0.2-0.65 
Glass 

Si(100) 
57,62,63, I 

Fe(III)(thd)3 
(114 ˚C) 

O3 
160-
310 

~0.12 

Amorphous  
a-Al2O3 

sapphire 
glass 

Si(100) 
MgO(100) 

60,61 

Fe(III)(acac)3 
(180 ˚C) 

O2 
300-
500 

- YSZ 59 

Fe(II)(hfa)2TMEDA 
(60 ˚C) 

O3 
150-
350 

0.01-1.7 Si(100) 58 

α-Fe2O3/ 
γ-Fe2O3 

Fe(III)Cl3 
(175 ˚C) 

H2O 
225-
300 

0.04-0.06 
Si(100) 

glass 
57 

α-Fe2O3 

 
(Fe3O4 
and/or 
γ-Fe2O3) 

 

(DMAM)Fe(II)Cp 
(FeC5H4CHN(CH3)2 

(55 ˚C) 
O3 375 0.92 SiO2/Si 71 

Fe(II)(Cp)2* 
(90-165 ˚C) 

O2 

 
350 

0.5-1.4 

Si(100) 
AAO 

zirconia NPs 
carbon 

64–70 

O3* 200 

Fe(III)2(OtBu)6 
(100 ˚C) 

H2O 
130-
170 

0.26 
AAO (nano-

rods) 
18,56,64 

FeO 

bis(N,N′-t-butyla-
cetamidinato) 

iron(II) 
(75 ˚C) 

H2O 250 0.2 Si(100) 73 

ε- Fe2O3 
Fe(III)Cl3 
(158 ˚C) 

H2O 260 0.65 
Si(100) 

glass 
I, IV 

Fe3O4 
 

cyclopentadienyl 
iron(II) dicarbonyl 

dimer 
Cp2Fe2(CO)4 

H2O 165 ~0.5 
Si(100)) 

glass 
III 

bis(2,4-methylpenta-
dienyl) 
iron(II) 

(Fe(2,4-C7H11)2) 
(55 ˚C) 

H2O2 

120 

0.6 Si 
SiO2 
FTO 

porous silica 

72 O2 ~0.25 

O3 0.9 

acac acetylacetonate; DMAM dimethylaminomethyl; FeCp ferrocene; hfa 1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate; Hthd 2,2,6,6-tetramethylheptan-3,5- dione; OtBu tert-butoxide; TMEDA 
N,N,N´,N´- tetramethylethylenediamine, YSZ Yttria stabilized zirconia. 
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4. Experimental procedures 

In this chapter, the main experimental tools and approaches used in the present work are in-
troduced. It includes the summarized deposition parameters and characterization methods 
used to analyse the thin film growth, chemical composition, and optical and magnetic proper-
ties.  

4.1 Thin film depositions 

All the depositions were carried out in a commercial flow-type hot-wall ALD reactor (F-120 
by ASM Microchemistry Ltd). This work comprised two ALD processes for iron oxide thin films 
(ε-Fe2O3 and Fe3O4, Chapter 5.1), four ALD/MLD processes for iron-organic hybrid thin films 
(two for Fe-terephthalate (TP), one for Fe-aminophenol (AP) and one for Fe-quinone (Q)) 
(Chapter 5.2), and two superlattices (Chapter 5.3). The precursors used in each process and 
the optimized parameters are collected in Table 2. 

Superlattice structures were deposited by combining the process for iron oxide and hybrid 
thin films.III,IV In Figure 3, the process graph and the corresponsive SL structure are presented. 
The pulse/purge lengths between the oxide (orange) and hybrid (yellow) processes were ad-
justed to be as long as the deposition process of the hybrid required. Thus, the iron precursor 
was pulsed for a longer time for the hybrid cycle as the saturation with the organic molecules 
requires. The SL structure can be written as [(Fe-prec.+H2O)m (Fe-prec.+organic prec.)]n+( 
Fe-prec.+H2O)m.  

 

 
Figure 3. The process graph (left) and the layer structure of the superlattice thin films. In the figure Fe stands for 

iron precursor and organic for organic precursor. A hybrid cycle leaves an organic molecular layer between the 

oxide layers. 



Experimental procedures

14 

Table 2. Optimized process parameters for the iron-based ALD and ALD/MLD thin films.
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4.2 Characterization

This chapter introduces the characterization techniques used to determine the characteristics, 
chemical state, and magnetic, optical and transport properties of the studied thin films.  

4.2.1 Film characteristics 

X-ray reflectivity (XRR) was used to determine film thickness and superlattice periodicity. 
Above the critical angle that is dependent on the characteristics of the materials, the reflected 
x-rays form an interference pattern called Kiessing fringes (Figure 4). This enables not only 
the determination of the thickness of the films but also the analysis for superlattice periodicity. 
The GPC value was calculated by dividing the thickness by the number of applied deposition 
cycles. The calculated GPC for each deposition was the main optimization parameter. The XRR 
pattern additionally gives information about the density and the roughness of the material and 
thus can be used to evaluate the film structure, quality and crystallinity. 

 

 
Figure 4. XRR pattern of a homogeneous thin film material and superlattice structure.

 
Electron microscopy was used to study the surface morphology and crystal structure of the 

iron oxide materials. The scanning electron microscope (SEM) is based on detecting secondary 
electrons emitted from the atoms hit by an electron beam that is focused on the surface of the 
material. In the grayscale image, each pixel corresponds to the detected secondary electrons. 
The surface morphology can be obtained due to the absorption of the ejected electrons that 
occurs when beam hits into deeper spots of the scanned material. The resolution of the SEM 
can reach down to ~1 nm. SEM images were taken to determine the particle size in the ε-Fe2O3 
films.I 

In transmission electron microscopy (TEM) the electron beam passes through the sample 
and the interactions with the electrons are detected and magnified to form an image. With 
TEM even single atoms can be detected. In this work, TEM was employed to investigate the 
orientation of the ε-Fe2O3 films.I The cross section of the sample was prepared with a focused 
ion beam (FIB) instrument. 

In x-ray diffraction (XRD) the x-ray is scattered from the lattice in the crystalline material 
following Bragg’s law. In the diffraction patterns diffracted intensities are plotted against scat-
tering angles (θ). In this work, XRD was used to determine the orientation of the crystalline 
thin films. Because of the requirement of large material volume XRD was used only for thick 
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(ca. 300 nm) samples. Grazing incidence x-ray diffraction (GIXRD) is a variant of XRD where 
the angle of incoming x-rays is fixed to low angles enabling Bragg’s diffractions only from the 
surface of the material. This is beneficial in measuring the thin films due to faster measure-
ments. Nevertheless, the diffraction data cannot be used to determine the orientation of the 
crystal structure since some of the diffractions may not be seen due to the fixed incidence angle. 

4.2.2 Chemical state  

Fourier transform infrared (FTIR) spectroscopy is based on the different IR absorption of 
different bonds. The intensity of the transmitted IR radiation is collected and the data is Fou-
rier-transformed to obtain frequency-specified IR spectrum. FTIR was used to verify the exist-
ence of the organic molecules in the thin films and to determine the bonding type between 
terephthalate and iron. In the samples, the silicon substrate is the major material and thus 
overlaps the spectrum of the thin film. Therefore, the spectrum of blank Si was measured and 
subtracted from the spectra.  

In x-ray photon spectroscopy (XPS) the surface is irradiated with x-rays and the kinetic en-
ergies and intensities from the emitted electrons are measured in order to identify the elements 
and determine concentrations. The examination depth for conventional XPS is ca. 10 nm. XPS 
was used to obtain the differences between the two processes that resulted in crystalline and 
amorphous phase of the Fe-TP films. It gave information about the oxidation state of iron and 
supported the interpretation of the FTIR data for the Fe-TP bonding.III 

4.2.3 Magnetic properties 

Superconducting quantum interference device (SQUID) magnetometer was used to determine 
the magnetic behaviour of the ε-Fe2O3 thin films.I In SQUID, an external magnetic field is ap-
plied to the sample. The film surface was set in perpendicular direction to the applied field. 
The film thickness for the measurements was ca. 300 nm. Direct current (DC) magnetization 
curves (M-T, Figure 5A) and isothermal magnetization curves (M-H, Figure 5B) were analyzed 
to obtain information about the changes in the magnetic behaviour of the material. When fer-
romagnetic material is magnetized in a direction using an external field, some of the magneti-
zation remains after the external field is set to zero. The direction of the magnetization can be 
changed by applying an opposite direction of the external field. This leads to a hysteresis curve 
(M-H curve) from which e.g. the magnetic hardness, coercive field and magnetic saturation 
maximum can be determined. 

In this work, the M-T curves were measured from 5 to 300 K under a field of 1 kOe in both 
zero-field-cooled (ZFC) and field-cooled (FC) modes. Anomalities, such as the bump seen in 
Figure 5A, indicated for a change in the magnetic ordering. That temperature range was stud-
ied in more detail by measuring isothermal M-H curves from -50 to 50 kOe for the sample 
deposited at 280 ◦C. The effect of diamagnetic silicon substrate was subtracted from the sample 
data. To be compared with the earlier reports, the magnetization was calculated to correspond 
a volume unit (cm3). The volume was estimated from the measured surface area of the sample 
and the film thickness determined by XRR.  
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Figure 5. Magnetic features that can be observed for ferri-/ferromagnetic materials.

4.2.4 Optical and transport properties 

Optical properties and changes in the band gap values of Fe-TP hybrid, ε-Fe2O3 and their su-
perlattices were investigated by ultraviolet-visible spectroscopy (UV-VIS). For these measure-
ments the thin films (ca. 70 nm) were deposited on borosilicate glass. The band gap is the en-
ergy electron should get from the photon to be excited from the valence band to the conduction 
band (seen as an absorption edge in the spectrum). When determined from the absorption of 
the material, the band gap is referred to as the “optical band gap”.  

 
The absorption coefficient (α) is calculated from the measured UV-VIS data: 
 

                      (1) 

 
where d is the thickness of the thin film, R is reflectance and T is transmittance. The energy 
(Eg) is calculated using equation 2: 

 
                                          (2) 

 
where  is Planck’s constant, C is the speed of light and λ is wave length. The absorption coef-
ficient is proportional to the excitation energy: 
 

                       (3) 
 
where A is constant independent of the wavelength.  
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Optical band gaps can be obtained by the so-called Tauc coordinates that are derived from 
the formula 3. There the αhυn (n=1/2 for an indirect band gap and n=2 for a direct band gap) 
is plotted against photon energy, hυ, and the band gap can be estimated by extrapolating the 
linear area to y=0 (see Figure 6). 
 

 
Figure 6. An example of the determination of the indirect optical band gap.
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5. ALD/MLD processes of iron based materials

The goal of this work was to develop ALD and MLD processes for iron oxide, iron-organic hy-
brid and superlattice (SL) thin films. In order to minimize the complexity in the SL depositions, 
it was beneficial to find one iron precursor suitable for both the oxide and the hybrid deposi-
tions. All in all, the requirements for the iron precursor used in this study were: 

a) reaction with water to form iron oxide 
b) as low sublimation temperature as possible 
c) low reaction temperature to form iron oxide 
d) low toxicity 
e) relatively good stability in ambient conditions 

 
where a-c were required in order to have a possibility to use MLD process later on to modify 
the iron oxide thin films with organic molecular layers and d-e because of the possibilities in 
the precursor handling safely in the laboratory.  

The point a) was ruling out many possible commercial iron precursors. Nevertheless, it was 
seen as an important requirement since oxygen and ozone would react with the organic mole-
cules and thus preventing well-controlled depositions of iron oxide-organic SL structures. 
Lower deposition temperatures of the hybrid thin films set the requirements b) and c) that 
were also due to the secondary aim to enable the deposition on temperature sensitive sub-
strates. 

The precursors found to react with water to form Fe3O4 (magnetite)II and ε-Fe2O3I were 
Cp2Fe2(CO)4 (cyclopentadienyl iron dicarbonyl dimer) and FeCl3 (iron chloride), respectively. 
They also resulted in stable Fe-Q (iron quinone), Fe-AP (iron aminophenol)II and Fe-TP (iron 
terephthalate)I thin films and hence the processes were demonstrated to be suitable for SL 
depositions.II,IV  The processes based on FeCl3 were studied in more details since better ap-
plicability due to the much smaller size of the precursor molecule was expected. All the char-
acterizations were done for as deposited thin films. In addition, the FeCl3 based as deposited 
Fe-TP hybrid thin films were found to be crystalline and thus anomalous from any other pub-
lished ALD/MLD iron-organic hybrid thin films.58,77,78 Fe-TP films were also deposited using 
Fe(acac)3 (iron acetyl acetonate) resulting in amorphous hybrid thin films. To get better un-
derstanding about the phase formation dependent on the chosen precursor the chemical struc-
ture of the crystalline and amorphous phases was compared. Nevertheless, Fe(acac)3 needs 
oxygen to form iron oxide so it was not used to deposit SL structures. 
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5.1 Fe3O4 and ε-Fe2O3 thin films by ALD

The iron precursors, FeCl3 (I) and Cp2Fe2(CO)4 (II), were found to react with water forming 
crystalline iron oxide thin films. As discussed in Chapter 2.2. for ALD iron oxides (Table 1), the 
different iron precursors have an effect on the phase formation due to the precursor specific 
deposition temperature. Here, the ε-Fe2O3 and Fe3O4 phases were deposited using FeCl3 + H2O 
and Cp2Fe2(CO)4 + H2O, respectively. The recorded diffraction data are presented in Chapter 
5.1.1 and the magnetic, optical and transport properties of the films deposited with FeCl3+ H2O 
are studied in Chapter 5.3.2.  

5.1.1 Film characteristics 

The phases of the iron oxide thin films were identified by GIXRD (magnetite, Fe3O4)II and XRD 
(ε-Fe2O3).I Figure 7 shows the diffraction data recorded for the iron oxide samples and col-
lected from the literature on the most common iron oxides. The first ALD depositions using 
FeCl3 + H2O were made by Aronniemi et al.63  and the process was carefully studied by Klug et 
al.57  These depositions yielded (without post-annealing) maghemite (γ-Fe2O3), γ- FeOOH and 
hematite (α-Fe2O3) but not ε-Fe2O3 containing thin films. The XRD patterns recorded for the 
iron oxide thin films in this studyI were different than those observed by Aronniemi et al.63 and 
Klug & al. 57 observed for the similar process at same temperature range. Note that, the ε-Fe2O3 
phase has been found to form as an intermediate phase between γ-Fe2O3 and α-Fe2O3 upon 
heating.75 In this work it was seen that the purest phase for ε-Fe2O3 was formed at 280-300 ˚C 
and at higher temperatures hematite started to appear being the dominant phase at 340 ◦C 
with some remains of the ε-Fe2O3 phase.  

The formation and stabilization of the ε-Fe2O3 phase has been noticed to be a very sensitive 
process. It has been reported that addition of Ba2+, Sr2+ and Ca2+ (~4-8 wt% from Fe content) 
extends the stabilization temperature range of the ε-Fe2O3 phase.80 In the present case the 
FeCl3 precursor was less pure (98 %) than the precursor Klug et al.57 reported (99.9 %) but the 
impurities were still in trace amounts and thus not a very probable reason for the stabilization. 
FeCl3 is relatively hygroscopic and thus the way it has been stored and handled may also have 
an effect to the end product in ALD. In this work, small bottles (1 bottle/day = 1-3 depositions) 
were packed in a glove box and stored under N2 atmosphere. The precursors were quickly 
loaded to the reactor in ambient conditions. Klug et al.57  used a bubbler that can be more easily 
filled and attached to the reactor without exposing FeCl3 to humidity. They reported sublima-
tion temperature to be ~20 ˚C higher than in the present study which is typical for the setup 
where the precursor container is outside the reactor. It is known that ε-Fe2O3 is difficult to 
fabricate as a completely pure phase. The existence of some secondary phase cannot be ex-
cluded here either. In the XRD pattern, the peak at 2θ≈30˚ exhibits a shoulder that may be 
due to an impurity phase of maghemite or some iron oxohydroxide. 

The XRD data of ε-Fe2O3 were compared with powder sample data measured by synchro-
tron X-ray diffraction. The sample presented in this work, showed two characters that indi-
cated film growth direction perpendicular to the c axis; more intense 002 and 004 peaks and 
missing of the peaks at 35◦ (113 and 200), 36.7◦ (131), 60.4◦ (053), and 63.4◦ (330) that should 
be moderately intense peaks based on the calculated data. The same growth direction was seen 
for ε-Fe2O3 films grown by PLD (pulsed laser deposition) on SrTiO3 and AlFeO3 substrates.24,81 
The advantage in the present ALD ε-Fe2O3 process is the much lower deposition temperature 
(280-300 ˚C) than in PLD where 800˚C was required. Furthermore, the present ALD process 
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enabled the formation of ε-Fe2O3 phase on silicon and glass substrates whereas for PLD the 
phase was only obtained on substrates with mismatch crystal orientation.24,81 
 
 
 

 
 
Figure 7. Diffraction data of the Fe3O4 and ε-Fe2O3 thin films and for the common iron oxides by literature. The

Fe3O4 was measured by GIXRD and ε-Fe2O3 by XRD.

 
The surface morphology of the ε-Fe2O3 thin films was studied with SEM (Figure 8 A) and 

TEM (Figure 8 B). The SEM images revealed that the crystals were multifaced and the biggest 
ones seen were ca. 120 nm wide in ca. 260 nm thick films. The variation in grain size seen in 
SEM and TEM image suggest that the grain size is limited by the distance between the crystal 
nucleations.74 ε-Fe2O3 phase has been typically stabilized in nanoparticles less than 30 nm in 
size but also 200 nm nanorods have been possible to fabricate with the help of added Ba2+ and 
Sr2+.80 In the present study, the amount of impurities may not be the most probable reason for 
the stabilization of ε-Fe2O3 phase and formation mechanism should be further studied. Crys-
talline areas with different growth directions were seen with TEM. It was, however, not possi-
ble to determine the orientation due to the overlapping crystalline areas. In theory it would be 
possible with a very thin sample but apparently the use of focused ion beam (FIB) was not so 
simple since using high voltages in sample preparation may affect the crystal structure. 
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Figure 8. A) SEM image from ~260 nm thick and B) TEM measurements of 100 nm thick ε-Fe2O3 thin films. The 

white bar for SEM corresponds 100 nm and the grey bar in TEM image corresponds 10 nm.

5.1.2 Magnetic properties of ε-Fe2O3 

The magnetic properties of the ca. 260 nm ε-Fe2O3 thin films were determined using SQUID. 
In the studies of  the ε-Fe2O3 nanoparticles, the magnetic transition has been detected at 110 K 
from high-temperature ferromagnetic structure to a complex low-temperature incommensu-
rate magnetic structure associated with a significant decrease in coercivity82,83. Another and 
very interesting feature for ε-Fe2O3 nanoparticles has shown to be its large coercive field (20 
kOe) at room temperature. 22,83 For the epitaxial thin films grown by PLD the values 3–8 kOe 
(thickness 50-100 nm) of coercive field have been reported.24,81 

In the measured samples a bump in both ZFC (zero field cooled) and FC (field cooled) curves 
at around 100 K (Figure 9 A) indicated the magnetic transition detected for ε-Fe2O3 nanopar-
ticles. There was a clear change in the MT curves measured for the films deposited at 260, 280, 
and 300 ˚C. The difference between the FC and ZFC curves significantly narrows for the sam-
ple deposited at 300 ◦C. The common shape of ferro- or ferrimagnetic hysteresis loop can be 
seen in M-H curves (Figure 9 B) measured at 100 K and 300 K. Magnetization does not fully 
saturate at 50 kOe reaching a value of 96 emu/cm3 at 300 K. This is well in line with the 80–
100 emu/cm3 room temperature magnetization reported for nanoparticles22,83 at 70 kOe and 
the 100 emu/cm3 saturation magnetization reported for epitaxial thin films.24  

 



ALD/MLD processes of iron based materials

23 

 
Figure 9. A) Magnetization vs. temperature and B) magnetization vs. field curves of the ε-Fe2O3 thin films. M-T-

curves were measured in constant field for samples deposited in different temperatures whereas the isothermal M-

H hysteresis loops were detected for the sample deposited at 280 ˚C. The coercive field for the isothermal M-H

measurements at different temperatures are plotted in the inset figure.
 

Even though the M-T curve showed a sign of a magnetic transition around 100 K, the strong 
reduction in the coercive field (Hc) seen for the nano particles83 was not detected in the M-H 
curves measured in this work (Figure 9B). The coercive field of the samples, 1.6 kOe, was also 
much smaller at 300 K than for the epitaxial PLD films (3-8 kOe). For the thin films presented 
here, the Hc was found to increase towards lower temperatures (Figure 9B), which is typical of 
ferrimagnetic materials. The other iron oxide phases, considered as impurities, could be the 
reason for the deviant properties. The XRD pattern showed a shoulder in one of the main dif-
fractions of the studied ε-Fe2O3 indicating an existence of some secondary phase but any asym-
metry in the hysteresis loops was not seen. In earlier studies at least the most probable second-
ary phase, γ-Fe2O3, could be detected from the asymmetry in the M-H loops in the thin-film 
and nanoparticle samples.81,84 It seems that either the samples are of the essentially pure ε-
Fe2O3 phase or the fraction of the secondary phase is very small. The relatively large grain size 
of 120 nm in the films, roughness, or greater film thickness compared with PLD thin films24,81 
can be also considered affecting the magnetic properties of the material and thus should be 
studied in more details.  

5.2 Iron-organic hybrid materials by ALD/MLD

The new ALD/MLD processes that were successfully used to deposit iron-organic hybrid thin 
films are presented in this chapter. The process based on Cp2Fe2(CO)4 precursor was the first 
process found to produce Fe-Q and Fe-AP hybrid thin films with hydroquinone (HQ) and 1,4-
aminophenol (AP) as organic precursors, respectively. Terephthalic acid (TPA) was studied in 
processes with FeCl3 and iron(III) acetylacetonate Fe(III)(acac)3. The FeCl3 precursor resulted 
in crystalline Fe-TP thin films whereas the films deposited with Fe(acac)3 were amorphous. It 
was especially intriguing to get better understanding about the chemical composition of the 
crystalline Fe-TP phase. Therefore, the chemical structure of amorphous Fe-TP thin films was 
studied for any discrepancy to be found compared with the crystalline structure. These two 
different Fe-TP films are compared here in Chapter 5.2.1. for the structure determination. The 
optical and transport properties of the crystalline Fe-TP thin films (FeCl3 + TPA) are presented 
in Chapter 5.3.2. 
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5.2.1 Film characteristics 

All the depositions yielded smooth and evenly colored thin films observed by naked eye. Fe-
TP films deposited by using FeCl3 were exceptional due to their crystallinity in the temperature 
range of 240–260 °C whereas the other hybrid thin films deposited in this study were amor-
phous. The GPC rate for the Cp2Fe2(CO)4 + HQ films was remarkably slower (ca. 4 Å/cycle) 
than for the Fe-TP processes (ca. 10 Å/cycle). The slower GPC can be explained with the steric 
hindrance of the bulkier Cp2Fe2(CO)4 molecule and possible double reactions of the HQ mole-
cules. The MLD processes in literature for HQ (see Table 3) have yielded approximately the 
same GPC rates (ca. 4Å/cycle) that is relatively slow if considering the length of the molecule 
(ca. 9 Å). In the case of the AP ca. 11 Å/cycle has been reached with TiCl4.54  
 
Table 3. Metal-Q and metal-AP hybrids.

Organic 

prec. 

Metal 

prec. 

Deposition 

temperature 

(˚C) 

 

GPC 

(Å/cycle) 

C=C  

(cm-1) 

C-HOut 

(cm-1) 

C-O/  

C-N 

(cm-1) 

ref. 

 

HQ 

Cp2Fe2(CO)4 180 3.7 1482 (s) 

1595 (m) 

 

801 1257 

(w) 

II 

DEZ 150 1.6-2.7 1508  1239 5,6,8,9,85–90 

TMA 150 4.1-7.5 

 

~1500 

~1600 

~800 ~1200 91,92 

TiCl4 170 4.1    unpublished 

 
 Cp2Fe2(CO)4 180 3.7 1497 835 1271 unpublished 

 

 

AP 

Zn(C2H5)2 140 1.23 1494 

1585 

 

 1220/ 

1245 

88,93,94 

TiCl4 140 ~11 1498 (s) 

1593 (m) 

 

827 1234/ 

1255 

54 

 
 
The GPC of the process Fe(III)Cl3 + TPAIII was ca. 10 Å/cycle whereas it was only ca. 1.3 

Å/cycle for the amorphous thin films deposited with Fe(acac)3. TPA-based processes have been 
developed for alkali and alkaline earth metals, transition metals and lanthanides.95–103 The 
amorphous metal-TP thin films are listed in Table 4 and the crystalline thin films in Table 5. 
The GPC rates of ca. 3 Å/cycle were determined for the processes where the alkali and alkaline 
earth metal based organometallic compounds (thd, 2,2,6,6-tetramethyl-3,5-heptanedione) 
were used as inorganic precursors.96,98,101 For the most transition metal based organometallic 
precursors (Cu(II), Mn(III), Co(II) and Co(III)) the GPC rates were much lower (0.7-1.5 Å/cy-
cle) but at the same range than for the Fe(acac)3 studied in this work. From the previous stud-
ies, only Cu(II)(thd)2 formed in-situ crystalline thin films having the clearly lowest GPC of 0.7 
Å/cycle.95 The highest GPC rates among the metal-TP processes found from literature are for 
Al(CH3)3 (7.5 Å/cycle),101 Zn(ac)2 (~6 Å/cycle)102 and ZrCl3 (6.5 Å/cycle)103 being exceptionally 
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high if compared with the other processes having organometallic precursors. Al(CH3)3 is 
known for its high reactivity and high vapor pressure that gives a better certainty for the full 
saturation and thus could be resulting in the remarkably higher GPC rate of Al-TP. In the case 
of Zn(ac)2 the reason for high GPC may lie in the smaller steric hindrance of the small acetate 
ligand left after reaction with the surface. From metal chlorides TiCl4 has been used as inor-
ganic precursor for Ti-AP hybrid thin films in GPC of ca. 11 Å/cycle (See table 3). It would be 
tempting to conclude that the chloride compounds result with high GPC rates but for the sake 
of understanding the complicity of these ALD/MLD processes, an unpublished result from the 
process TiCl4+HQ should be revealed. There the GPC (ca. 4 Å/cycle) seemed to be only a little 
bit higher than for the DEZ + HQ (ca. 3 Å/cycle). This does not invalidate the conclusion of the 
steric hindrance but highlights the meaning of the chosen organic precursors as well. HQ has 
been obtained to have a reductive nature in the deposition process of the Fe-Q hybrids where 
the phase of metallic iron was detected at 200 °C by GIXRD.II Later HQ has been used to re-
duce copper oxide thin films to metallic copper by ALD.104  

 
Table 4. Amorphous ALD/MLD metal-TP hybrid thin films 

 

Material 

 

Metal prec. 

 

TDeposition 

(˚C) 

 

GPC 

(Å/cycle) 

 

Bonding 

type 

 

νs 

(cm-1) 

 

νas 

(cm-1) 

 

 

Δ 

(cm-1) 

 

ref. 

Al-TP Al(III)(CH3)3 250 

 

7.5 bridging ~1600 <1500 184 101 

Mg-TP 

(dried) 

Mg(II)(thd)2 220 3.3 bridging v.n.l. v.n.l. 130-200 

(v.n.l.) 

 

98 

Zr-TP Zr(III)Cl3 

 

265 6.5 uniden-

tate/ 

bidentate 

 

v.n.l v.n.l 102 and 

293 

 

103 

Fe-TP Fe(III)(acac)3 270 1.3 bidentate/ 

bridging 

1390 broad 

range 

125  

 

III 

 

Mn-TP Mn(III)(thd)3 200 1.1 bridging ~1555 

 

~1390 

 

~160-185 

 

97 

 

Co-TP Co(III)(acac)3 

Co(II)(thd)2 

200 1.3 

1.5 

 

bridging ~1555 

 

~1390 

 

~160-185 

 

97 

Zn-TP ZnAc2 225-250 5.8-6.5 not  
reported 

 

~1625 ~1400 ~200 102 

Eu-TP Eu(III)(thd)3 280 1.9 bridging 1543 1395 148 100 

thd=2,2,6,6-tetramethyl-3,5-heptanedione, acac=acetylacetonate, v.n.l.= value not listed, Ac=acetate 
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Table 5. Crystalline ALD/MLD metal-TP hybrid thin films.

Material Metal  

precursor 

 

TDeposition 

(˚C)  

GPC 

(Å/cycle) 

Bonding 

type 

νs  

(cm-1) 

νas 

(cm-1) 

Δ 

(cm-1) 

ref 

Li-TP Li(I)(thd) 200, 

220 

~3.0, 

2.9 

bridging 1570 1392 178, 

188 

98,99 

Na2-TP Na(I)(thd) 220 2.9 bridging 1558 1390 168 98 

 
K2-TP K(I)(thd) 220 2.5 bridging 1572 1390 182 

 

98 

 
Mg-TP 

(H2O)2 

Mg(II)(thd)2 220 3.3 bridging 1570 1398 172 

 

 

98 

Ca-TP* Ca(II)(thd)2 220 3.2 bridging 1587 

1580 

1356 

1395 

231 

185 

96,98 

Ca-TP 

(H2O)3 

* s.e.h 220 bridging 1554 1390 164 96 

 
 

Sr-TP** Sr(II)(thd)2 220 2.6 bridging 1525 1394 131 

 

98 

Sr-TP 

(H2O)3 

**s.e.h 220 bridging 1556 1385 171 

 

98 

 
 

Ba-TP Ba(II)(thd)2 220 3.5 bridging 1524 1387 137 

 

98 

Zr-TP 

(post 

treated) 

Zr(III)Cl3+H2O 

 

265 6.5 bridging v.n.l v.n.l 195 103 

Fe-TP Fe(III)Cl3 260 10 bidentate 1504 1392 112 III 

 
Cu-TP Cu(II)(thd)2 210 0.7 bridging 1525 1390 135 

 

95 

Zn-TP 
(H2O)2 

ZnAc2 (s.e.h) 225-250 5.8-6.5 

 

not  
reported 

~1600 
double 

~1400 
double 

~200 102 

La2-TP3 La(III)(thd)3 220 ~3.0  

(value not 

listed) 

bridging 1571 1396 175 

 

98 

s.e.h= sample exposed to humidity 

The surface saturations of the processes are shown in Figure 10. The organometallic iron 
precursors (Fe(acac)3 and Cp2Fe(CO)4) required much longer pulse lengths for the saturation 
(Figure 10 A and B) than the FeCl3 + TPA (Figure C and D). This is probably due to more com-
plex reaction chemistry of the organometallic precursors. The controllability of the iron-based 
hybrid thin film processes is shown in Figure 11 as a linear correlation in thickness vs. number 
of cycles. All hybrid processes were well-controlled but slightly better linear-correlation was 
achieved for the FeCl3 + TPA process than for the Cp2Fe2(CO)4 or Fe(acac)3 based processes.  
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Figure 10. The plotted growth per cycle versus pulse length show the optimization of the process parameters for 

Fe-organic hybrid thin films: A) Fe(acac)3 + TPA, B) Cp2Fe2(CO)4 +HQ and AP and C-D) FeCl3 + TPA.
 

 
Figure 11. The controllability of each process has been presented in figure as linear correlation of thickness versus 

number of cycles.
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5.2.2 Chemical state of hybrid thin films 

GIXRD was measured for the crystalline Fe-TP thin films. The temperature range for the crys-
talline films was 240-260 °C whereas at lower temperatures the films were essentially amor-
phous. In Figure 12 A the GIXRD patterns recorded for the crystalline film are shown. The 
most intense diffraction peaks are around 10° and 20°. The crystal structure was compared 
with data reported by literature for different iron terephthalate structures but any perfect 
match was not found. 38,40,105–110 This would require further studying but it is also possible that 
the crystalline phase of the thin films deposited via ALD/MLD is not yet reported as bulk ma-
terial.98 

FTIR spectra confirmed the presence of the organic benzene ring in the Fe-Q hybrid thin 
films (Figure 12 B). The typical absorption bands for benzene ring can be seen as C=C stretch-
ing at 1482 cm−1 (strong) and 1595 cm−1 (weak), and out of plain bending of C–H bonds at 801 
cm−1. Also, the weak peak of C–O stretching can be seen in the spectra at 1257 cm−1. The spectra 
have the same features as seen for the FTIR spectra recorded for ALD/MLD metal-quinone 
hybrid thin films (Table 3).  

In the case of Fe-TP hybrids, the separation between the symmetric (νs) and the asymmet-
ric (νas) vibration bands of the carboxylate group gives an idea about the bonding type of iron 
and the carboxylic group (Figure 12 B). The bonding possibilities have been addressed for ionic 
(Δ ≈ 200 cm-1), unidentate (Δ >> 200 cm-1), bidentate (50 < Δ < 150 cm-1) or bridging (130 < 
Δ < 200 cm-1) type.111,112 This is based on the symmetry of the carboxylate bonding and the 
different bond angles (bidentate < bridging).113,114 For the present Fe-TP hybrid thin films the 
Δ-value was 112 cm-1 for the crystalline film and 125 cm-1 for the amorphous film, both indicat-
ing of the bidentate type bonding. Nevertheless, in the FTIR spectra for the amorphous films 
(Figure 12 B) the peaks are much broader than for the crystalline films which has been at-
tributed for many overlapping bands and thus for larger variety in the types of bonding. 
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Figure 12. FTIR spectra of crystalline (FeCl3+TPA) and amorphous (Fe(acac)3+TPA and Cp2Fe2(CO)4+HQ) Fe-

organic thin films, the possible bonding types of carboxylates and the GIXRD pattern for Fe-TP thin film.

 
The ALD/MLD deposited metal-terephthalates (See Table 4 and 5) have been reported to 

form a bridging type of bonding since having Δ-values from 130 cm-1 to 231 cm-1. Nevertheless, 
the Δ > 200 cm-1 (Ca-TP) could also be a sign of higher asymmetry of the coordination than 
what is typical for the bidentate or what bridging types have. Besides, the Δ-values for biden-
tate and bridging types are overlapping between 130 and 150 cm-1. The Δ-values of Sr-TP, Ba-
TP, Cu(II)-TP, Eu-TP are at that middle range.  

Figure 13 shows the FTIR spectra of the most metal-TP hybrid films deposited in prof. 
Karppinen’s group. The spectra of crystalline (solid lines) thin films are colour mapped accord-
ing to their cations: alkali metals (black), alkaline earth metals (orange), transition metals 
(blue) and lanthanide (purple). The spectra with dashed lines are for the transition metal based 
amorphous thin films. The black dashed vertical lines are guides for an eye to find the average 
places for the absorption bands. Many spectra show various peaks and not only two for the 
determination of Δ-value. Lausund & al.103  interpreted their Zr-TP spectra by determining the 
distance of each peak from the expected symmetric vibration band and thus concluded the 
existence of multiple bonding types. This way, FTIR spectra of the metal-TP hybrid thin films 
(Figure 13) would indicate existence of both bidentate and bridging types of bonding in all 
samples. As seen in the Figure 13, the symmetric vibrations exist almost at the same wave num-
ber (i.e. same energy) for all of the metal-TP thin films (with the exception of Ca-TP), while 
there is variation in the position of the asymmetric vibration. This is typical for the symmetri-
cally bound carboxylates (bidentate and bridging type).115 According to the literature113, the in-
crease in νas and decrease in νs is typical for the unidentate coordination affected by the unbal-
anced carbonyl group. This suggests the existence of unidentate type coordination in the Ca-
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TP thin films. For Sr and Ba, a clear shoulder can be seen on the lower wave number side of 
the νs that indicates the existence of the unidentate type bonding in addition to the more sym-
metric types. Interestingly this feature is not seen for the Mg-TP. 

The frequencies of the νs and νas bands are very sensitive for changes in e.g. metal cation 
or other ligands.113 For example, the effect of the hydrogen bonds between the non-coordinated 
oxygen and other ligands has resulted in the decrease of the Δ-value of unidentate bonding 
below 200 cm-1. The hydrogen bonds increase the symmetry between the two carboxylic ox-
ygens and thus the Δ-value is decreased to correspond the value for bidentate or bridging 
type.116 One considerable effect to Δ-values is also a distortion of the metal-carboxylate struc-
ture that may cause misinterpretation of the bond type from FTIR spectra as seen for the tin 
tetra-acetate.115 With these remarks, it can be concluded that using FTIR to interpret the coor-
dination types is challenging to say the least. In new types of materials deposited by ALD/MLD 
some yet unidentified effects (e.g. strain) may also contribute to the Δ-value.  
 

 
Figure 13. The summary of the metal-TP hybrid thin films studied by prof. Karppinen’s group. The solid lines present 

crystalline colour mapped by their cation group in the periodic table. 

 
For a better understanding of the chemical composition of the iron-terephthalate thin films 

the XPS was recorded for both crystalline and amorphous thin films. First of all, it was intri-
guing to see that the wide-scan spectra showed only iron, carbon and oxygen in the samples 
even though some chlorine residues were expected to be found in films deposited with FeCl3. 
The high-resolution spectra were recorded for Fe 2p, C 1s and O 1s (Figure 14). The main O 1s 
peak seen for both samples around 532 eV is typical for oxygen in the C-COOH environment117, 
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while in the C 1s spectra, the main peaks around 285 and 290 eV are due to C-C and alpha-
carbon in the carboxylic group, respectively118. The difference between crystalline and amor-
phous Fe-TP samples lied in the additional shoulder peaks seen for Fe(acac)3 in both the O 1s 
and C 1s spectra. They could be explained with the larger variety of oxygen-metal bonding in 
the amorphous film which is also seen as a broader FTIR band (Figure 11). 

There were two differences in Fe 2p spectra of Fe-TP thin films that could give an idea about 
the oxidation states of the iron. Firstly, Fe 2p spectra show Fe 2p1/2 and 2p3/2 peaks, but they 
appear at lower energies for the amorphous film grown from Fe(acac)3 which suggests that the 
iron in the amorphous films is at least partly reduced. This is an interesting result since the 
excistence of Fe(II) was also detected for the amorphous iron-organic hybrid thin films depos-
ited from divalent iron precursor and oxalic acid as an organic precursor.58 

The second difference between Fe 2p spectra is a clear satellite in the middle of the main 
peaks for the crystalline film grown from FeCl3. This is typical for hematite indicating trivalent 
iron but not for magnetite with mixed-valence iron119. Two additional satellites around 732 and 
710 eV seen in this film are most likely due to iron bonded to carboxylic acid.118  

 

 
Figure 14. XPS data for crystalline (FeCl3 + TPA) and amorphous (Fe(acac)3 + TPA) Fe-TP thin films.

 
As a conclusion from the FTIR, XPS and GIXRD results, schematic illustrations of the pos-

sible Fe-TP structures are shown in Figure 14.  The XPS results showed that the iron in the 
crystalline terephthalate films was trivalent and in amorphous partly reduced. The bidentate 
and bridging bonding types between the carboxylate anion and the metal cation are common, 
and preferred for metal terephthalates based on trivalent (or higher valence) metal species with 
higher coordination numbers.120 Comparison of the measured GIXRD data with the excisting 
crystalline iron-terephthalate hybrid materials did not give any perfect match. It is possible 
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that this type of Fe-TP material has not yet been accomplished as bulk since the FTIR data 
indicates towards bidentate carboxylate groups for the crystalline films whereas all the bulk 
Fe-TPs were reported having bridging-type of bonding. Nevertheless, it seems that the inter-
pretation of the FTIR is not that straight forward for metal-carboxylates and it might be that 
also the bridging type bonding exists. Anyway, it can be said that broader νas peak for amor-
phous Fe-TP films pointed towards a wider variety of bonding schemes than in the crystalline 
ones. All in all, more characterization techniques should be involved in order to develop these 
already accomplished ALD/MLD hybrid materials. Raman spectroscopy, for instance, could be 
a potential option as seen in the case of the Ti-HQ and Zn-HQ hybrid thin films where the 
Raman signal was enhanced by TiO2 capping.121  

 

 
Figure 15. The most possible coordination types for Fe-TP thin films.

5.3 Iron oxide–benzene superlattice thin films by ALD/MLD

The first demonstration of iron oxide SL structures by ALD/MLD was done with Fe3O4 + HQII 
and ε-Fe2O3 + TPAIV in a more detailed manner. Here, the controllability of the deposition 
processes is presented, and the change in optical and transport properties of the SLs are de-
scribed and compared to the properties of the ε-Fe2O3 and Fe-TP hybrid thin films. The SL 
structures were constructed from iron oxide layers of certain thickness separated with organic 
molecular layers (See Figure 2). The SL thin films could be described with [(Fe-prec.+H2O)m 
(Fe-prec.+organic prec.)]n+(Fe-prec.+H2O)m where m is the number of ALD cycles in an iron 
oxide layer and n is the number of SL modules (oxide + organic molecular layer). Therefore, n 
is equal to the number of organic molecular layers in a sample as well. The total number of 
oxide layers in a sample is n+1 since they begin and end the deposition process of a thin film. 
The magnetite SLs were deposited using Fe2Cp2(CO)4 as the iron precursor, H2O as an oxygen 
source for iron oxide layers and HQ as the organic precursor, whereas ε-Fe2O3 SLs were depos-
ited using FeCl3, H2O and TPA, as described in Chapter 5.1. and 5.2.   
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5.3.1 Film characteristics 

The SL structures in the thin film samples were verified from XRR measurements (Figure 16). 
The periodicity in the interference pattern, seen as a changing number of small oscillations 
between the two higher ones, was systematic with the number of deposited SL structures. For 
both types of oxide (Fe3O4 and ε-Fe2O3) SL samples, n presents the number of SL repetitions. 
Thus, the number of iron oxide layers is n+1. The samples measured had n values from 3 to 7 
for the Fe3O4 SLs and from 3 to 6 for ε-Fe2O3 SLs. It can be seen that for the Fe3O4 SLs the 
number of smaller oscillations is either n or n-1 depending if a small oscillation that seems to 
overlap with the bigger one is counted in. For ε-Fe2O3 SLs the periodicity is clearer and the 
number of small oscillations is n (corresponds to the supercycles) for each sample. The sys-
tematic trend found for the SL-series indicates that the nano-scale modification of the iron 
oxides has been well-controlled.  

 

 
Figure 16. XRR oscillation patterns for the ε-Fe2O3 (the upper figure) and for the magnetite SL thin films with 

different number of supercycles n (corresponds to the number of molecular layers).
  

It was an interesting observation that in both of the two cases the in-situ crystallization of the 
oxide was achieved despite the deposition organic molecular layers (Figure 17). In the case of 
ε-Fe2O3 SLs the crystalline phase was determined even when the oxide thickness was ca. 6.5 
nm (total film thickness ca. 300 nm for all samples), however the degree of crystallinity seemed 
to decreasing. The strongest absorption bands of terephthalate were detected in FTIR even 
with 4 molecular layers (Figure 17 C). 
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Figure 17. X-ray diffraction data for A) ε-Fe2O3 and B) Fe3O4, and their SL structures. The thickness of an oxide 

layer has been written for each SL. The total thickness of the films was estimated to be nearly equal for the super-

lattices and corresponding oxide. C) The FTIR spectra measured for the ε-Fe2O3-based superlattices showed that 

the strongest vibrations of the carboxylate group could be detected even from the sample with 4 organic molecular 

layers.

5.3.2 Optical and transport properties of ε-Fe2O3 superlattices 

The optical properties of the FeCl3 based hybrid, oxide and SL structure are compared. The 
composition and film thickness of the samples are listed in Table 6. The measured UV-Vis 
transmittance (T) and reflectance (R) spectra and the calculated absorbance (A=1-(R+T)) 
curves for all thin films are shown in Figure 18 A-C. The appearance of the ε-Fe2O3 had a rusty 
orange colour whereas the Fe-TP hybrid was highly transparent. This is also seen in Figure 18 
A where the transmittance for the oxide is less than 50 % at the visible range (ca. 610 nm) and 
maximum reflectance for the orange light. For the hybrid thin films the T% was nearly the same 
as for the glass substrate (90 %) in the wavelength range from 465 to 800 nm having reflec-
tance close to zero. The SL films with n = 17 and 24 with the thinnest ε-Fe2O3 layer thicknesses 
are nearly transparent whereas the SL structures with lower organic content approach the 
lower transmittance value of the ε-Fe2O3. The same trend between the samples is seen in the 
reflectance data (Figure 18 C). The maximum and minimum are set by ε-Fe2O3 film (47 %) and 
Fe-TP hybrid film (ca. 10 %) in the visible range (ca. 610 nm), and the SL films are intermedi-
ates between those two. For ε-Fe2O3, the absorption maximum is at ca. 376 nm. For the SLs, 
the absorption maximum increases with increasing n to ca. 408 nm for n=11 and the absorption 
edge changes from 588 nm to 604 nm.  
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Table 4. Plain iron oxide, Fe-TP hybrid and superlattice (SL) thin film samples for optical measurements.

Film 
type 

n m 
Expected Fe2O3-

layer thickness (nm) 
Number of cycles 
(n x (m+1) + m) 

Film thickness 
(nm) 

Average GPC 
(Å/cycle) 

ɛ-Fe2O3 0 1000 65.0 1000 65.0 0.65 

SL 3 250 16.3 1003 69.6 0.69 

SL 4 200 13.0 1004 70.8 0.71 

SL 5 165 10.7 995 71.4 0.72 

SL 6 143 9.3 1007 72.2 0.72 

SL 11 83 5.4 1007 73.5 0.73 

SL 17 30 2.0 557 72.6 1.3 

SL 24 20 1.3 524 78.7 1.5 

Hybrid 100 0 0 100 112 11 

 
The optical indirect bandgap (Eg) for the ε-Fe2O3, Fe-TP and SL thin films was determined 

by extrapolating the linear regions of the plot (αhν)1/2 vs. hν, where α is the absorption coeffi-
cient (calculated from the T and R data) and hν is the photon energy (Eg), see Figure 18 D. This 
resulted in a bandgap value of 1.98 eV for the ε-Fe2O3 film and 2.95 eV for the Fe-TP hybrid 
film. According to theoretical studies, the ε-Fe2O3 phase has an indirect bandgap of 1.6 eV.122 
Only one experimental value was found for electrodeposited thin films (1.5 μm ) on stainless 
steel being 1.92 eV.123 For the different binary iron oxide phases in bulk samples, the indirect 
bandgap values reported in literature typically vary between 1.9 and 2.2 eV.1 The bandgap val-
ues for the SL films are plotted in Figure 18 E. The band gap values seem to stay relatively 
unchanged despite the increase in number of supercycles to n=11. With the highest organic 
contents (n=17 and 24) and the thinnest ε-Fe2O3 layers (ca. ≈ 2 nm or less), a sudden increase 
in Eg takes place. In the literature, the increase in bandgap energy with decreasing total film 
thickness for various homogeneous oxide thin films has been attributed to the quantum con-
finement effect. 31,89,124 In particular for hematite-structured Fe2O3 thin films the quantum con-
finement effect has been seen when the film thickness is decreased below 20 nm.125 For TiO2 
nano particles and SL thin films, the onset of the blue shift has been addressed to dimensions 
smaller than 3 nm.126,127 The ALD/MLD technique could enable the further study of the nano-
dimensional ε-Fe2O3 and Fe3O4 films since the thickness of the oxide sublayers can be de-
creased to 1 nm or even thinner while keeping the overall film thickness much larger. The mod-
ification of the band gap energy of oxide materials is an interesting field to study. For instance, 
in water photolysis, which the iron oxides could be used in, the bandgap should exceed the 
value of 2.46 eV to be more efficient.128,129  
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Figure 18. UV-VIS spectra of the ε-Fe2O3, Fe-TP-hybrid and SL thin films: A) Transmittance and B) Reflectance, 

and calculated C) Absorbance. In figure D) the absorption coefficient has been plotted against photon energy and 

the linear area of each curve has been used to estimate optical band gap. The band gap values are plotted against 

ε-Fe2O3 layer thickness in figure E. 
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6. Conclusions

In this work, ALD and ALD/MLD processes were developed for three types of iron-based ma-
terials: (i) iron oxide, (ii) iron-organic hybrid and (iii) iron oxide-benzene superlattice (SL) thin 
films. Two iron precursors, iron(III) trichloride (FeCl3) and cyclopentadienyl iron(II) dicar-
bonyl dimer (Cp2Fe2(CO)4), were found to form iron oxides with H2O and thus they were con-
sidered suitable for all the three types of  depositions, (i)-(iii). With FeCl3, ε-Fe2O3 and crystal-
line Fe-TP hybrid thin films were successfully deposited, whereas with (Cp2Fe2(CO)4) Fe3O4, 
amorphous Fe-HQ and Fe-AP thin films were obtained. Both of these precursors were used to 
deposit SL structures where iron oxide layers with a certain thickness were separated with ben-
zene molecular layers. Also, a process for amorphous Fe-TP thin films (Fe(acac)3 + TPA) was 
found to be a useful addition in the chemical composition analysis. The above-mentioned pro-
cesses could enable the deposition of iron-based materials on various substrates. For Fe3O4, 
there was and still is only one other in-situ ALD process; it is based on another organometallic 
divalent iron precursor, Cp2Fe2(CO)4. In this work, the FeCl3 based processes were studied in 
more detail because of their possibly better applicability on complicated surface topographies 
due to the smaller ligands compared to the case in Cp2Fe2(CO)4.  

The FeCl3 + H2O process was observed to yield films of the rare ε-Fe2O3 phase – for the first 
time by ALD. Furthermore, the ALD-enabled stabilization of the ε-Fe2O3 phase on Si(100) and 
glass substrates allows the formation of this phase without remarkable additional stress ap-
plied by the mismatch substrate, as is required in the case of the PLD of ε-Fe2O3 films. The iron 
oxides in general are interesting due to their ferromagnetic and superparamagnetic properties 
achieved especially in nanoscale. They have also suitable band gaps for the absorption of ~30 
% visible range and they are thus potential to be used in solar energy applications.  In addition, 
ε-Fe2O3 is known from its enormous coercive field. In this work the optical, transport and mag-
netic properties of ε-Fe2O3 thin films were studied. For a ca. 70 nm thick ε-Fe2O3 film the trans-
mittance was ca. 50 % at 610 nm and the optical indirect band gap was estimated to be ~2.0 
eV. The magnetization versus temperature measurements confirmed a magnetic transition at 
ca. 100 K, as expected for the ε-Fe2O3 phase. The magnetization saturation reached the value 
of 96 emu/cm3 at 50 kOe that fits to the range 80-100 emu/cm3 observed at 70 kOe for the ε-
Fe2O3 thin films deposited by PLD. Nevertheless, the isothermal measurements for magnetiza-
tion versus external field did not show the typical behaviour of ε-Fe2O3, that is, the large room-
temperature coercive field suddenly decreasing at ca. 100 K. The coercive field detected at 
300K (~1.6 kOe) was also below values reported for the PLD thin films (3-8 kOe). These dif-
ferences were attributed to either the large crystals (diameter 120 nm) or to a secondary impu-
rity phase. 

The suitable organic precursor to be combined with FeCl3 was found to be terephthalic acid 
(TPA) that allowed the deposition of stable iron-organic hybrid thin films. The as-deposited 
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hybrid films were even more intriguing when found to be crystalline whereas the other thin 
films deposited here and by other groups were amorphous. This is an interesting feature that 
may pave a way for the deposition of iron-based metal-organic framework (MOF) materials in 
a precisely controlled way. The crystal structure of these crystalline films could not however be 
identified as the diffraction pattern did not match with any known Fe-terephthalate structures 
reported in literature for bulk samples, suggesting that the structure has not yet been accom-
plished as a bulk material. The chemical structure analysis by FTIR proposed that in the Fe-TP 
films studied in this work, the carboxylates were bound to iron atoms in a bidentate mode. This 
differs from the bridging-type bonds that are typically reported for iron in bulk materials. How-
ever, the interpretation of the FTIR spectra in order to determine the exact structure is chal-
lenging and it is possible that the FTIR spectra are not comparable to the bulk materials. The 
vibrations of the carboxylate groups are very sensitive and thus the position of the absorption 
bands are possibly influenced by the different forces applied in nanoscale thin films by the 
substrate, for instance. In this study it could be seen that the difference in bonding between 
carboxylate and iron was different for the crystalline (Fe(III)Cl3 + TPA) and for the amorphous 
(Fe(III)(acac)3 + TPA) Fe-TP thin films. The absorption band of the νas of the carboxylate group 
was much broader for the amorphous thin film, indicating more variation in the bonding be-
tween the carboxylate group and iron than in the crystalline thin film. 

A comparative study of the crystalline and amorphous Fe-TP thin films was made by XPS 
in order to gain more information about the chemical structure. The XPS confirmed that in the 
crystalline Fe-TP films iron is on the trivalent state, while in the amorphous thin films iron 
may be somewhat reduced. The iron in amorphous ALD/MLD iron-organic hybrid films has 
been reported to be in divalent state by Lausund et al.58 Although, it should be noted that in 
the above-mentioned process a divalent iron-organometallic precursor was used whereas here 
it was trivalent. The ~100 nm Fe-TP hybrid thin films were nearly transparent at the visible 
range and had a strong absorption in the UV range. The indirect optical band gap was esti-
mated to be ~3.0 eV.  

The final aim of this work was to develop ALD and ALD/MLD processes for iron oxide and 
iron-based hybrid thin films that could be combined for the deposition of superlattice thin 
films. In these SL structures the thicknesses of the iron oxide layers, ε-Fe2O3 or magnetite, were 
precisely controlled by separating them with monomolecular benzene layers. Optical and 
transport properties of ε-Fe2O3-based SL structures were studied. The transmittance of the ε-
Fe2O3 films was increased by decreasing the SL periodicity, i.e. with increasing the number of 
organic layers. A sudden increase in the optical band gap was seen when the thickness of the 
oxide layer was decreased below ca. 2 nm. Similar behaviour has been observed in TiO2-ben-
zene SL thin films due to quantum confinement effect that occurs in nanoscale materials. 
This work conquered three of the immense fields where the ALD technique is unparalleled 
beyond comparison; deposition of phases that exist only in nanoscale (ε-Fe2O3), precisely con-
trolled inorganic-organic hybrid thin films and nanoscale modification of thin films (SLs). The 
future perspectives of these ALD and ALD/MLD materials rely on more detailed studies of 
their properties; ε-Fe2O3 is potential as a multiferroic material whereas the crystalline iron-
coordination networks may achieve specific magnetic and catalytic properties, not to mention 
the possibility to deposit them on functional surfaces. Among the novel iron-based materials, 
this work has well demonstrated the versatility of the ALD technique for the development of 
different types of materials. 
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